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Boesen EI, Crislip GR, Sullivan JC. Use of ultrasound to assess renal reperfusion and P-selectin expression following unilateral renal ischemia. Am J Physiol Renal Physiol 303: F1333-F1340, 2012. First published August 29, 2012 ; doi:10.1152/ajprenal.00406.2012.-Renal ischemia-reperfusion injury is a major cause of acute kidney injury that carries a high mortality rate and increases the risk of later development of hypertension and chronic kidney disease. Although mouse models have contributed much to our understanding of the mechanisms involved, studying aspects of the injury process in vivo remains technically challenging. This study validates the use of noninvasive ultrasound imaging to assess both renal perfusion and vascular adhesion molecule expression following 1-h unilateral renal ischemia in male and female mice. Pulsed-wave Doppler measurements of renal arterial blood velocity revealed renal perfusion recoveries of 56 Ϯ 9% in male and 69 Ϯ 10% in female mice 1 h after the commencing of reperfusion, which is similar to what we have previously published using conventional invasive methodology. At 24 h postischemia, renal perfusion was 40 Ϯ 8% in male and 46 Ϯ 7% in female mice, representing a further significant reduction of perfusion (PTime Ͻ 0.001). Using ultrasound imaging of a P-selectin-targeted contrast agent, a significant increase in vascular P-selectin protein expression was observed after 1-h reperfusion in the cortex of the postischemic compared with contralateral kidney in both male and female mice (18 Ϯ 5 vs. 3 Ϯ 3 intensity units in male and 30 Ϯ 6 vs. 0 Ϯ 4 in female mice, PIschemia Ͻ 0.01). An approximately sixfold increase in P-selectin mRNA was observed ex vivo in the renal vasculature of male and female mice at this time point (P Ͻ 0.01). In conclusion, ultrasound represents an effective and noninvasive method for the measurement of both renal perfusion and vascular adhesion molecule expression in mice.
kidney; blood flow ISCHEMIA AND REPERFUSION OF the kidney is a major cause of acute kidney injury and thought to contribute to impaired function of transplanted kidneys (24, 31, 42) . Ischemic insults to the kidney promote a host of pathological changes to both the vasculature and tubular cells, resulting in reduced glomerular filtration rate, impaired urinary concentrating ability, and structural damage, including reduced microvascular density, tubular cell death, formation of tubular casts, and fibrosis (4, 35) . Acute kidney injury or acute renal failure has a mortality rate of ϳ50% (27) , and both clinical and animal studies suggest that survivors recover renal function to varying degrees but are at greater risk of subsequently developing hypertension and chronic kidney disease (3, 5) . No specific treatments for acute kidney injury exist, and the mechanisms of both acute kidney injury and its long-term consequences on the kidney are incompletely understood. Accordingly, noninvasive techniques that can be used repeatedly within the same subject to study the renal injury and repair processes are highly attractive, especially if they are amenable to translation to clinical use.
Mouse models of renal ischemia-reperfusion injury have contributed much to our understanding of the mechanisms involved; however, studying certain aspects of the injury and recovery process in vivo presents technical challenges. For example, the postischemic kidney displays hemodynamic abnormalities, including increased vasoconstriction, which is thought to exacerbate tissue hypoxia and further contribute to injury (35) . The ability to assess the effects of potential treatments on renal hemodynamics over days to weeks would clearly be advantageous, but instrumenting and maintaining mice with perivascular or laser-Doppler flow probes for measurements over extended periods is no small feat. For this reason, the use of contrast-enhanced ultrasound imaging is an attractive alternative for extended longitudinal studies, allowing for noninvasive data collection at multiple time points within the same animal.
Renal ischemia-reperfusion injury induces an inflammatory response both within the kidney and systemically. Neutrophil and monocyte/macrophage infiltration occurs following ischemia, and depletion of these cells attenuates renal ischemiareperfusion injury (20, 43) . T cell infiltration also occurs, and different T cell subsets play divergent roles in injury and repair (10, 16 ). An early event in the inflammatory response is the expression of cellular adhesion molecules on the surface of the activated endothelium. These adhesion molecules, including P-selectin, play a critical role in the adhesion of circulating inflammatory cells to the endothelium and ultimately extravasation into underlying tissues. Highlighting the importance of P-selectin in renal ischemia-reperfusion injury, total body knockout of P-selectin or treatment with P-selectin neutralizing antibodies have been shown to reduce renal injury following ischemia (14, 36) . The ability to assess expression of adhesion molecules such as P-selectin in vivo would clearly be useful in determining the impact of potential treatments on the inflammatory response following ischemia and reperfusion.
Previously, Andonian and colleagues (1) and Chen and colleagues (11) provided promising but limited data regarding the use of high-resolution ultrasound in conjunction with a P-selectin-targeted echogenic gas-filled microbubble contrast agent in mouse models of renal ischemia-reperfusion injury. A notable limitation of the study by Andonian and colleagues (1) was that the kidney was surgically exposed during ultrasound imaging, negating a major advantage of this ostensibly noninvasive technique. Moreover, apparent changes in P-selectin expression observed in vivo appeared similar to data obtained with the contrast agent conjugated to isotype control antibody and were not corroborated ex vivo. An additional limitation was that the studies utilized only female mice, and sex differences in renal ischemia-reperfusion injury and acute kidney injury have been reported in both humans (18) and experimental models (30, 41) . Accordingly, the goals of the present study were to determine if high-resolution ultrasound could be used noninvasively to assess restoration of perfusion and induction of vascular P-selectin expression in vivo following renal ischemia and reperfusion and whether these responses differed in male and female mice.
METHODS
Experimental design. All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved and monitored by the Georgia Health Sciences University Institutional Animal Care and Use Committee. Studies were performed on male and female C57Bl/6 mice (10 -12 wk; Jackson Laboratories, Bar Harbor, ME). For determination of recovery of renal perfusion over time, mice underwent pulsed-wave Doppler ultrasound imaging before and at 1 and 24 h following unilateral renal ischemia-reperfusion injury (see below). To assess renal vascular P-selectin protein expression in vivo, separate groups of mice underwent contrast-enhanced ultrasound imaging at 1 h after ischemia-reperfusion injury as described below. To provide additional confirmation that vascular P-selectin expression is increased in the postischemic kidney at 1 h following injury, additional groups of mice underwent ischemia-reperfusion injury without imaging. After 1 h reperfusion, renal vascular tissue was isolated by gently sieving the kidney through 100 m mesh and collecting the vessels retained for ex vivo analysis of renal vascular P-selectin expression. RNA was extracted from this renal vascular tissue using an RNeasy Mini kit (Qiagen, Valencia, CA) and reverse transcribed to cDNA using a QuantiTect Reverse Transcription kit. Expression of P-selectin mRNA relative to GAPDH was assessed using QuantiTect Primer Assays (Qiagen), and relative fold expression was calculated as 2 Ϫ(⌬⌬CT ) as described previously (8) .
Renal ischemia-reperfusion injury. Each mouse was anesthetized with isoflurane (ϳ2% by inhalation; Baxter, Deerfield, IL) and placed on a servo-controlled heating table in a prone position. The right kidney was approached via a retroperitoneal incision, and a small microvascular clamp was applied to the renal artery, stopping blood flow. After a period of 1 h, the clamp was removed, allowing reperfusion; 0.4 ml warmed sterile saline was instilled intraperitoneally, and the retroperitoneal incision was closed using sterile sutures and surgical staples. Anesthesia was withdrawn, and the mouse was allowed to recover. Ultrasound imaging. As described previously (37), mice were anesthetized with isoflurane (ϳ1.5% by inhalation) and placed in a supine position on the THM100 MousePad imaging platform (Indus Instruments, Houston, TX). Appendages were secured to electrocardiogram pads to allow constant monitoring of heart rate and body temperature, which was maintained at 37.5°C. Depilatory cream (Nair; Carter-Horner, Mississauga, ON, Canada) was used to remove fur from the abdominal skin, and medical ultrasound acoustic gel (Other-Sonic, Pharmaceutical Innovations, Newark, NJ) was used as a coupling fluid between the real-time microvisualization (RMV) scanhead and the skin. Ultrasound imaging was performed using the Vevo 770 system (VisualSonics, Toronto, Canada) with an RMV-706 scanhead (40 MHz; 6 mm focal length; lateral and axial resolutions of 68.2 and 38.5 m, respectively) that was positioned and held immobile using the VisualSonics Vevo Integrated Rail System II.
Pulsed-wave Doppler measurement of renal blood velocity. Peak systolic renal artery blood velocity was measured using pulsed-wave Doppler (PW mode). Following a brief stabilization period, pulsedwave Doppler blood velocity was obtained in the renal artery before it enters the kidney to provide a measure of total renal blood flow. Values from 5 to 10 cardiac cycles were averaged in each kidney.
Molecular-targeted contrast imaging of the kidney.
The VisualSonics Vevo MicroMarker Target-Ready Contrast Agent Kit (Toronto, Canada) was used for the in vivo detection of vascular endothelial P-selectin. The target-ready contrast agent was reconstituted in 0.5 ml of sterile saline according to the manufacturer's directions. The contrast agent is a blood-pool marker that consists of a gas-filled (nitrogen and perflurobutane) microbubble (2.3-2.9 m diameter) that has strepavidin incorporated into the lipid shell of the contrast agent that can be conjugated to a biotinylated ligand. Twenty micrograms of P-selectin antibody (Sc25771; Santa Cruz Biotechnology, Santa Cruz, CA) were diluted in 0.4 ml sterile saline and then added to the reconstituted contrast agent, gently mixed, and allowed to rest at room temperature for 15 min. After 1 h reperfusion, the contrast agent was injected via an acutely placed jugular vein catheter as a 70-l bolus at a rate of 400 l/min for 15 s using a syringe pump (Harvard Apparatus, Holliston, MA). The contrast agent circulated for 4 min without imaging to allow time for dispersal through the circulation and P-selectin antibody binding to the vascular endothelium. Using contrast-mode imaging, the RMV-706 scanhead was then used to view the mouse kidney, and an 800-frame cine loop (14 frames/s) was collected, with a highpower, low-frequency destruction sequence applied at frame 240 to disrupt all microbubbles within the imaging plane. Intensity before the destruction sequence reflects the sum of circulating and endothelial-bound contrast agent, and the intensity after destruction reflects circulating contrast agent only. To reduce variability, imaging parameters were held constant throughout each experiment with focus and depth optimized at the beginning of the imaging session for each animal. Images in different kidneys and mice were obtained using approximately the same scan plane as determined by anatomical markers. Additional control experiments were performed in an identical manner using either an isotype control antibody-conjugated contrast agent (Sc2027; Santa Cruz Biotechnology) or Vevo MicroMarker Non-Targeted Contrast Agent.
Image analysis. Reference-subtracted intensity data were analyzed offline on a personal computer. As shown in Fig. 1 , the 800-frame cine loop was used to generate contrast agent time-intensity curves in user-defined regions of interest (ROI) in the renal cortex (ϳ0.6 mm 2 ) and medulla (ϳ1.4 mm 2 ) using Vevo 770 software allowing for a qualitative assessment of P-selectin expression. Contrast agent intensity in each ROI was averaged over the 10 s immediately preceding and immediately following the destruction sequence, with the difference nominally representing endothelial-bound contrast agent. A similar-sized ROI was selected for each mouse. The representative image shown in Fig. 1A depicts the ROI in the renal cortex of a postischemic kidney before the destruction sequence to burst adherent contrast agent. To quantify P-selectin expression, a reference frame is generated from the final 100 frames of the cine loop following the destruction sequence, and signal intensity within this reference frame represents circulating contrast agent only. This reference frame is then subtracted from the entire cine loop, thereby allowing for the quantification of the intensity of bound contrast agent only. Representative time-intensity curves for the ROI in Fig. 1A are depicted in Fig. 1 , B and C. Figure 2 depicts a representative contrast-mode image of a postischemic kidney before (Fig. 2, A and C) and after the destruction sequence to burst all contrast agent (Fig. 2, B and D) . In all images, the circulating contrast agent has been subtracted, showing adherent contrast agent only; images are shown both in gray scale (Fig. 2, A and B) and green scale (Fig. 2, C and D) . Therefore, the green in the images represents bound contrast agent.
Statistical analysis. Data were compared by two-factor ANOVA (F statistics with between-and within-groups degrees of freedom are given in the text) or paired Student's t-test using Prism 5 for Mac OSX, version 5.0c (GraphPad Software, San Diego, CA), and are expressed as means Ϯ SE. P values Ͻ0.05 were considered statistically significant.
RESULTS

Recovery of renal perfusion is incomplete following unilateral renal ischemia.
As shown in renal ischemia and reperfusion, peaking at 1-4 h postischemia in a bilateral model (14) . Accordingly, renal vascular expression of P-selectin was assessed noninvasively in vivo using molecular-targeted contrast imaging after 1 h of reperfusion. The difference in contrast agent intensity before and after application of a destruction sequence was calculated for separate user-defined ROIs in the cortex and medulla of both the postischemic and contralateral kidneys. This difference in intensities reflects the amount of adherent contrast agent. Both male and female mice displayed significantly greater changes in renal cortical contrast intensity following contrast agent destruction in the postischemic kidney than in the contralateral kidney [F(1,9) ϭ 13.17; P Ischemia ϭ 0.0055; Fig. 4A ], indicating that ischemia and reperfusion induced a significant upregulation of renal cortical vascular P-selectin protein expression. There was no statistically significant sex difference in Pselectin expression overall [F(1,9) ϭ 2.37; P Sex ϭ 0.2] or in the upregulation of P-selectin in response to ischemia [F(1,9) ϭ 1.77; P SexϫIschemia ϭ 0.22]. Changes in contrast agent intensity were observed in the medulla following the destruction sequence in both male and female mice (Fig. 4B) ; however, this effect was not significantly different in the ischemic compared with contralateral kidney [F(1,9) ϭ 0.03; P Ischemia ϭ 0.9]. These data suggest that, in contrast to the renal cortex, the outer medulla of both kidneys appears to show P-selectin protein expression following unilateral renal ischemia and reperfusion. There was no significant main effect of sex on medullary P-selectin expression [F(1,9) ϭ 2.33; P Sex ϭ 0.16] nor of sex on the effect of ischemia [F(1,9) ϭ 1.09; P SexϫIschemia ϭ 0.32], with the change in intensity closely similar in the ischemic kidney in both male and female mice (14 Ϯ 4 and 12 Ϯ 6 arbitrary units). The medullary values in the contralateral kidney appeared less similar between sexes, but this was likely because of a high degree of variability in values obtained from the female mice (range of Ϫ48 to ϩ39 for the contralateral kidney and Ϫ5 to ϩ31 for the ischemic kidney; Fig. 4B ).
To provide additional confirmation that P-selectin is upregulated after 1 h ischemia and 1 h reperfusion in our model, we used quantitative real-time RT-PCR to measure P-selectin mRNA levels ex vivo in renal vascular preparations from contralateral and postischemic kidneys of male and female mice after 1 h reperfusion (Fig. 5) . In both sexes, P-selectin mRNA was approximately sixfold higher in the ischemic kidney compared with the contralateral kidney of the same sex (P ϭ 0.01 in male and P ϭ 0.006 in female mice).
In separate groups of male mice, the kidney was imaged after 1 h unilateral ischemia and 1 h recovery, with an isotype control antibody-conjugated contrast agent used to assess nonspecific binding of molecular-targeted contrast agent. There was no significant difference between ischemic and contralateral kidneys in terms of contrast agent binding in the renal cortex (P ϭ 0.15; Fig. 6A ) or medulla (P ϭ 0.12; Fig. 6B ). To further verify that any changes in signal intensity observed in the postischemic kidney are not the result of trapping of contrast agent due to vascular congestion following ischemia and reperfusion, additional male mice underwent 1 h unilateral ischemia and 1 h recovery, followed by imaging using nontargeted contrast agent. The changes in signal intensity following the destruction sequence in the postischemic kidney were minimal, averaging 2 Ϯ 1 in the renal cortex and 2 Ϯ 3 intensity units in the renal medulla, which were not significantly different from the contralateral kidney in either case (P ϭ 0.20 and P ϭ 0.13 respectively; Fig. 7 ).
DISCUSSION
The wide availability of whole animal, conditional, and inducible gene knockout technology in mice has allowed investigators to ask highly specific questions regarding the involvement of specific genes in disease processes. To fully capitalize on these advances in gene-targeting technology, there is a need for methodologies to be developed to better study disease progression in vivo. Herein, we report the use of noninvasive ultrasound imaging to assess both renal perfusion and vascular adhesion molecule expression following 1 h unilateral renal ischemia in male and female mice. Our overall finding was that use of this technology is not only feasible, providing the potential for time-course studies to be conducted within the same animal, but gives comparable results to existing invasive methodologies.
In our previous study, restoration of renal perfusion 1 h following 1 h ischemia was found to be impaired in male C57Bl/6 mice (34) . In that study, renal blood flow, as measured invasively with a perivascular transit-time ultrasonic flow probe placed acutely around the renal artery, was found to return to only 70 Ϯ 4% of baseline after 1 h reperfusion (34) . In the current study, we report that renal arterial blood velocity, as measured by pulsed-wave Doppler ultrasound, shows an almost identical percentage reduction at 1 h, with a further reduction in perfusion seen at 24 h following ischemia and reperfusion. Bonnin and colleagues (9) have also used noninvasive high-frequency ultrasound to detect differences in renal artery blood velocity following an episode of systemic hypoxia in a transgenic mouse model of sickle cell disease and their wild-type counterparts. Together, these studies indicate that noninvasive ultrasound imaging offers a valid means to assess changes in renal perfusion over extended periods of time in mice, allowing for longitudinal studies of disease progression or recovery without the requirement of chronic instrumentation. These measurements of perfusion would provide functional data to complement morphological measurements of the kidney made via ultrasound, such as has been demonstrated previously with polycystic kidney disease (32) and tumor progression (19) .
In addition to being a noninvasive technique, thus permitting repeated measurements to be performed in the same subject in vivo, ultrasound imaging provides information in real time, without the need for extensive biological sample processing and analysis. The real-time nature of ultrasound imaging could have an advantage over existing methodologies for detection of acute kidney injury, such as measurement of serum creatinine, which shows a delayed rise and peaks at 24 -48 h postinjury. An investigation of the prognostic ability of ultrasound mea- surements of renal perfusion postischemia to predict subsequent development of renal failure was not the focus of this study but would be an interesting avenue to explore in future studies. Clinically, there is great interest in discovering novel urinary biomarkers of renal injury as a noninvasive means to diagnose and to monitor both acute kidney injury and chronic kidney disease progression. In the acute kidney injury field, many potential biomarkers that are being actively investigated, such as neutrophil gelatinase-associated lipocalin (28) and netrin (40) , are produced by tubular epithelium following injury and, accordingly, may not necessarily be indicative of vascular damage. Urinary albumin excretion has been a mainstay for detecting glomerular injury, particularly in models of chronic renal injury such as diabetes and hypertension; however, other indexes of renal vascular injury have been lacking. Microvascular congestion, with leukocyte adhesion and red cell stacking in the peritubular capillaries, is thought to play a key role in injury to the corticomedullary region in acute kidney injury (38) . Accordingly, a noninvasive means to assess endothelial cell activation and adhesion molecule expression in the kidney would provide a tool to monitor this process and gauge the impact of therapeutic interventions.
In the current study, we have demonstrated that a moleculartargeted contrast agent can be used to detect upregulation of P-selectin protein expression noninvasively in the kidney in vivo following renal ischemia-reperfusion injury. Our study supports and extends the findings of previous studies utilizing P-selectin-targeted contrast agent in the kidney to assess expression following ischemia and reperfusion (1, 11, 25) , by showing that this technique can be used noninvasively and can be used to analyze effects on the renal cortex and medulla. Immunohistological approaches could also be used to assess P-selectin upregulation in renal tissue, although this requires biopsy, nephrectomy, or death to allow tissue collection. Accordingly, contrast-enhanced ultrasound measurement of Pselectin expression carries the advantages of being noninvasive and much more amenable to repeated use within the same subject to monitor disease progression or the impact of therapeutic interventions on recovery.
Using the more conventional methodology of quantitative real-time RT-PCR, we demonstrated an approximately sixfold increase in P-selectin mRNA expression in renal vascular tissue 1 h postischemia, providing qualitative corroboration of our findings using ultrasound imaging. Although mRNA levels and levels of antibody binding to protein are not directly comparable, these data nonetheless support the validity of molecular-targeted ultrasound as a noninvasive approach to measure adhesion molecule expression in vivo. Chen and colleagues (11) also provided confirmation of P-selectin upregulation ex vivo in their study via immunohistochemical methods. Together, these studies indicate that this methodology could also prove useful in assessing progression or treatment of renal injury due to other causes, since renal inflammation occurs in a variety of disease states, including chronic renal failure (33) , hypertension (7, 13) , diabetes (15), glomerulonephritis (39) , and autoimmune diseases such as systemic lupus erythematosus (22) . In addition, ultrasound in conjunction with specialized contrast agent destruction has been used as an efficient means of gene transfer in the kidney (21, 23) . If combined with the use of antibodies directed against activated endothelium, this technology could provide a means to target therapeutic compounds to sites of injury. Indeed, emerging technologies such as E-selectin-targeted liposomes, which specifically target activated endothelial cells (2) , and moleculartargeted microbubbles (12) have the potential to exploit cell type-specific mechanisms for therapeutic gain.
Differential binding of the contrast agent to the ischemic vs. contralateral kidney appeared more robust in the renal cortex than in the renal medulla. In our previous study using contrastenhanced ultrasound to measure regional perfusion of the kidney, we noted a relatively low signal and high degree of variability of measurements for inner medullary perfusion (37) . This is perhaps not surprising, given that the inner medulla receives a very small percentage of total renal blood flow, whereas the cortex receives ϳ90% (29). In the current study, we also observed less consistent image quality and a high degree of variability of intensity data in the inner medulla and so have not included analysis of this region. Accordingly, we would urge caution in interpreting contrast-enhanced ultrasound data from the inner medulla in future studies. A potential caveat to the use of molecular-targeted ultrasound is that slower blood flow could perhaps facilitate antibody binding. On the other hand, lower blood flow may also reduce the delivery and thus availability of antibody for binding. Our mRNA data from the current study and the work of Chen et al. (11) using immunohistochemistry to detect enhanced P-selectin protein expression in the reperfused kidney both support upregulation of P-selectin in the postischemic kidney compared with contralateral kidney. Together, these studies indicate that the enhanced signal in the postischemic cortex is at least in part the result of increased P-selectin expression rather than generated by a change in hemodynamics that facilitates antibody binding in the absence of an actual change in Pselectin expression. A number of studies have shown evidence of a sexual dimorphism in the symptoms, incidence, and severity of ischemia-reperfusion injury, including to the heart (44) and brain (26) . As reviewed by Hutchens and colleagues (18) , women are generally at lower risk of perioperative acute kidney injury than men, except following cardiac surgery. In experimental models of renal ischemia-reperfusion injury, several studies have shown that females are protected relative to males with regard to factors such as histological injury (30) , functional impairment, and mortality, although females may be more sensitive to nephrotoxic models of acute injury (41) . In the current study, there was no statistically significant evidence of a sexual dimorphism in either the impairment of reperfusion or upregulation of P-selectin protein expression, at least in the renal cortex. The use of a relatively long ischemic period (1 h), subsequently inducing severe renal injury, may have reduced the sensitivity with which to detect any protective effect of female sex on renal injury in our model.
A limitation of the current study is that P-selectin is also produced by platelets. Accordingly, we cannot rule out the possibility that some of the P-selectin we measured by either technique was contributed by platelets rather than purely representing activated endothelium. Future studies should consider the use of alternative, more vascular-specific adhesion molecules, such as E-selectin. Another observation in the current study was that there appeared to be significant Pselectin-targeted contrast agent binding in the contralateral renal medulla (Fig. 4B ). This could be due to some degree of inflammation occurring in the contralateral kidney as a result of circulating factors released by the injured kidney, since renal ischemia and reperfusion can produce inflammation and injury in remote organs, including the contralateral kidney (6, 17) . There was also some binding of isotype control antibodytargeted contrast observed (Fig. 6 ). This may be due to immunoglobulin binding by leukocytes, as suggested previously by Lindner and colleagues (25) . Notably, very little apparent binding of nontargeted contrast agent occurred (Fig. 7) , indicating that the contrast agent itself does not show significant nonspecific binding.
In conclusion, these studies highlight the utility of noninvasive high-resolution ultrasound for assessing renal perfusion noninvasively in mice at multiple time points in vivo. Furthermore, these studies support the use of a molecular-targeted contrast agent to noninvasively assess renal cortical expression of adhesion molecules in vivo. Both approaches are highly amenable to studying aspects of renal disease progression or treatment over time in mice and should be considered in future studies.
